Introduction
The Aryl hydrocarbon Receptor Nuclear Translocator (Arnt) is a member of the basic helix-loop-helix (bHLH)-Per-Arnt-Sim (PAS) family of proteins which serve as dimeric transcription factors (Reyes et al., 1992) . The PAS domain is a region containing two direct repeats of 44 amino acids (Fig. 1C ) that mediates the heterodimerization between various members of this family and transcriptional activity of the resulting dimers (reviewed by Schmidt and Bradfield, 1996) . PAS proteins mediate diverse biological functions including sensing of light, gases (oxygen, carbon monoxide, nitric oxide), reactive oxygen species, redox potential, small toxic ligands and the overall energy level of the cell (Reyes et al., 1992; Taylor and Zhulin, 1999; Gu et al., 2000) . Whereas most PAS proteins heterodimerize with a single partner, Arnt plays a unique role as a promiscuous heterodimerization partner within this family, thus falling squarely at the center of several crucial adaptive pathways.
The key role of Arnt in maintenance of homeostasis is supported by the early embryonic lethality of Arnt-null mice as a result of severe neural tissue malformations, cardiac dysfunction, abnormal hematopoiesis and failure of vasculogenesis (Kozak et al., 1997; Maltepe et al., 1997; Adelman et al., 1999) . Previous studies in mouse embryos revealed high levels of Arnt expression in the brain, spinal cord, branchial arches, heart, primitive gut, hepatic primordium, otic and optic placodes, adrenal gland, tongue, bone, lung, testes and muscle (Jain et al., 1998) . In late embryos, Arnt is also expressed in different epithelia, including skin (Aitola et al., 2003) . In neonatal and adult laboratory animals, a high level of Arnt expression has been shown in the CNS (Huang et al., 2000) and reproductive organs (Hasan and Fisher, 2003) . Although Arnt has pleiotropic functions, its role in transcriptional control has been defined in only two pathways: the toxic response to dioxin-like environmental pollutants and hypoxia (Schmidt and Bradfield, 1996) .
Arnt was first identified as a factor essential for the response of mouse hepatoma cells to the environmental contaminant dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin) (Hoffman et al., 1991) and later, Arnt was found to be indispensable for the transcriptional activity of dioxin-specific Aryl-hydrocarbon receptor (Ahr) (reviewed by Schmidt and Bradfield, 1996;  The molecular mechanisms of skin adaptation to the environmental stress are poorly understood. The aryl hydrocarbon receptor nuclear translocator (Arnt) lies at the intersection of several crucial adaptive pathways. Nevertheless, its role in adaptation of the skin to environmental stress has just begun to be unraveled. Here we show that Arnt is expressed in human and mouse skin in a developmentally dependent manner. Targeted K14-driven deletion of Arnt in the mouse epidermis resulted in early postnatal death, associated with a failure of epidermal barrier function. Gene expression profiling of Arnt-null mouse epidermis revealed upregulation of genes of the epidermal differentiation complex on mouse chromosome 3, including S100a genes (S100a8, S100a9, S100a10) and genes coding for small proline-rich proteins (Sprr1a, Sprr2i, Sprr2j, Sprrl1). HPTLC analysis showed significant accumulation of Cer [NS] and Cer [NH] ceramide species in Arnt-null epidermis, suggesting alterations in lipid metabolism. Continuous retention of corneosomes in Arnt-null epidermis that resulted in an abnormally dense corny layer and impaired desquamation was associated with upregulation of Slpi, an inhibitor of stratum corneum chymotryptic enzyme (SCCE) that plays a key role in corneosome degradation. The functional defects in Arnt-null mouse epidermis underscore the crucial role of Arnt in the maintenance of epidermal homeostasis, especially during the perinatal transition to the ex utero environment. Fig. 1 . Arnt immunohistochemistry in human (A) and mouse (B) skin. Deparaffinized skin sections were incubated with anti-Arnt antibodies and processed using the ABC procedure. (A-1) In normal human epidermis, Arnt-positive nuclei are seen in the basal and spinous layers whereas the granular layer (arrows) is mostly negative. (A-2) Intensive Arnt expression is seen in the nuclei of the sweat gland (SwG) epithelium and in the nuclei of cebocytes (arrows). (A-3) Follicular papilla (fp) fibroblasts are negative, whereas hair matrix cells are positive. (A-4) A close-up of the middle portion of a human hair follicle (HF) shows cells with positive nuclei in the outer root sheath (ORS), whereas the inner root sheath (IRS) and precortex cells (pk) are negative. (B-1) In embryonic mouse skin (E15.5), moderate Arnt expression is seen in the epidermis, concentrated above the hair placode. The mesenchymal compartment is negative. (B-2) During the initial stages of HF morphogenesis, the interfollicular epidermis shows low-to-moderate Arnt expression, whereas in growing HFs high expression is seen in the matrix and in the middle ORS. (B-3) With completion of HF morphogenesis, Arnt expression in both HF and epidermis significantly increases; dermal cells and follicular papilla fibroblasts are also positive. (B-4) In catagen-telogen, follicular papilla (FP) cells (arrows) are highly positive, whereas in the HF and the epidermis Arnt immunoreactivity declines and is seen mainly in the basal layer and HF ORS. (C) Western blot with protein samples isolated from dermis and epidermis at different stages of postnatal development of normal C57BL/6 mice (days 1-23 post partum). (D) Quantification of western blot data using a FluorChem 8800 digital image system showed gradual decline of Arnt expression in the mouse epidermis during the first days of life whereas in the dermis (including HFs) and in total skin (E) it increases between days 1 and 3 and then decreases. Bars, 40 m (A-4, B-1); 60 m (A-1, A-2, B-2, B-3, B-4); 120 m (A-3).
response, is a heterodimer of two PAS proteins -Hif-1␣ and Arnt, which is also designated as the Hif-1␤ subunit (Adelman et al., 1999; Lee et al., 2004) . The Arnt/Hif-1␣ heterodimer is a global regulator of hypoxia-specific gene expression and controls many responses to low oxygen including adaptation to anaerobic metabolism, erythropoiesis, angiogenesis, vasodilation, and possibly breathing (Guillemin and Krasnow, 1997; Gassmann et al., 1997; Gu et al., 2000; Goda et al., 2003) .
The crucial role of Arnt in the toxic response to polyhalogenated compounds and in hypoxia-induced regulatory pathway upholds the designation of Arnt as a key regulator of adaptation to environmental insult (Gu et al., 2000) .
The skin, as the protective shield of the body, possesses effective means of sensing and adapting to environmental factors. One of the most vital aspects of this protective mechanism is the epidermal barrier which is maintained by the uppermost layer of the epidermis -the stratum corneum. According to the current dogma, the stratum corneum is not simply a protective mechanical cover, but also a 'biosensor' that employs sophisticated mechanisms inducing proteolysis, DNA/lipid synthesis, and inflammation in response to the subtle changes of the environment (Elias et al., 2004) . The pivotal role of Arnt in sensory pathways in brain, liver and reproductive organs (Gu et al., 2000; Xu et al., 2005; Hombach-Klonisch et al., 2005) , as well as the striking skin symptoms in dioxin toxicity (Kuratsune, 1980; Crow, 1983; Poskitt et al., 1994; Geusau et al., 2000) , led us to hypothesize that Arnt is a potential key element of skin-environment communication, yet the role of Arnt in skin functioning is just beginning to be unraveled (Takagi et al., 2003) .
To better define the function of Arnt in maintenance of skin homeostasis, we first determined the temporo-spatial pattern of Arnt expression in mouse and human skin, and then developed an Arnt-deficient mouse model using K14-driven Cre-mediated recombination. Epidermal ablation of Arnt resulted in early postnatal death associated with multiple epidermal defects, including impairment of the epidermal barrier, cornified envelope formation, ceramide composition and corneosome degradation. These functional abnormalities were associated with profound molecular changes in the epidermis, including deregulation of serine protease inhibitors and the genes of the epidermal differentiation complex (EDC).
We propose, that in mammals, Arnt is not only involved in regulating toxic and hypoxia responses, but also serves as a crucial regulator of epidermal barrier function, especially during the perinatal transition to the terrestrial environment.
Results
Expression patterns of Arnt in mouse and human skin Although a high level of Arnt expression was previously found in embryonic mouse skin and keratinocyte cell cultures (Jones and Reiners, Jr, 1997; Wanner et al., 1996) , the patterns of Arnt expression in postnatal rodent and human skin were never assessed.
Using immunohistochemistry on normal human epidermis, Arnt was detected in the nuclei of the basal and most of the suprabasal keratinocytes, whereas the granular layer showed a lower level of Arnt expression (Fig. 1A-1 ). Strong expression of Arnt was also found in the hair follicle (HF) outer root sheath (ORS) and in the peripapillar cells of the hair matrix ( Fig. 1A-3 ). It is of interest that the basal layer of the ORS in the lower (suprabulbar) follicle was negative, whereas in the middle and especially in the bulge-region the ORS basal cells showed strong nuclear Arnt staining. Intensive nuclear staining of Arnt was also seen in sebaceous and sweat glands (Fig. 1A-2) . The HF inner root sheath, companion layer, precortex and hair shaft cells were negative (Fig. 1A-4) as well as the follicular papilla (FP) and most of the dermal fibroblasts (Fig.  1A-3) .
In mouse skin at embryonic day 15.5 (E15.5), moderate expression of Arnt was seen in the epidermis with higher levels in the uppermost layers, and interestingly, a cluster of strongly Arnt-positive epidermal cells was seen just above the newlyformed hair placode (Fig. 1B-1) . The mesenchymal components of the skin (dermis and dermal condensations) were mostly negative.
In the epidermis of newborn mice (postpartum day 1; P1), Arnt expression was detected in the spinous layer and in some basal cells (Fig. 1B-2 ). During the first week of life the level of Arnt expression in mouse epidermis remained high (Fig.  1B-3 ,C,D), nevertheless, during transformation of the epidermis from a thick multilayered 'neonatal' type with a prominent corny layer into a 'mature', thin structure (compare Fig. 1B-3 with Fig. 1B-4) , which normally happens between P6 and P10, the expression of Arnt significantly declined (Fig.  1C,D) and changed from nearly ubiquitous (Fig. 1B-3 ) to spatially restricted, concentrating mostly in the basal cells (Fig. 1B-4) .
In the growing mouse HFs, Arnt expression was high in the hair matrix and ORS similar to human HFs, but in contrast to human skin, Arnt was also present in most follicular papilla fibroblasts ( Fig. 1B-2) .
In the dermis, the intensity of Arnt expression gradually increased during the first days of postnatal development reaching its maximum by days 3-5 (Fig. 1B-3 ,C,D) and then it significantly declined (Fig. 1B-4,C,D) .
By the third week after birth when HF morphogenesis was completed, Arnt expression gradually declined in both the epidermal and dermal (including HFs) components (Fig.  1D ,E), with remaining Arnt positivity only observed in the basal layer of epidermis, ORS and follicular papilla cells (Fig.  1B-4 ).
Targeted ablation of Arnt in the epidermis of Arnt flox/flox :K14Cre + mice Mice that lack functional Arnt do not survive after day 10.5 of embryonic development (Maltepe et al., 1997) . In order to overcome the problem of embryonic lethality and develop a mouse model to study Arnt functions in skin, we attained spatially restricted Arnt gene inactivation by using keratin 14-driven Cre-mediated loxP recombination.
Pups lacking Arnt in the epidermis (Arnt flox/flox :K14Cre + or Arnt ⌬/⌬ ) because of homozygous Cre-mediated deletion of exon 6, which codes for the bHLH region of the Arnt gene ( Fig.  2A-C) , were born at the expected Mendelian ratio, indicating that ablation of Arnt activity in skin does not result in embryonic lethality. Western blots performed with proteins isolated from the epidermis of Arnt ⌬/⌬ newborns and cultured Arnt ⌬/⌬ keratinocytes showed a complete absence of Arnt protein ( Fig. 2D) , thus confirming the high efficiency of gene targeting in our mouse model.
Structural and functional defects in the interfollicular epidermis of Arnt ⌬/⌬ mice At birth, Arnt ⌬/⌬ newborns appeared normal and were indistinguishable from their littermates. Soon, however, they exhibited rapid weight loss, failed to thrive, and died within 15-30 hours after delivery. Arnt ⌬/⌬ newborns did not feed and became easily distinguishable from normal littermates, which were larger in size and were found to have milk in their stomachs ( Fig. 3A-1) . The inability to feed, in itself, would not explain progressive weight loss during the first hours of life in Arnt ⌬/⌬ newborns. Interestingly, rapid postnatal loss of weight is a hallmark of mice with an abnormal skin permeability barrier and extensive trans-epidermal water loss (Segre et al., 1999; Furuse et al., 2002) . Using the qualitative X-gal penetration assay, we assessed skin barrier formation in Arnt ⌬/⌬ and control embryos at E18.5 when the formation of the permeability barrier should be completed (Hardman et al., 1998) . Whereas control fetuses had a fully functional barrier all over the body and did not reveal X-gal penetration ( Fig. 3A -2, left fetus), Arnt ⌬/⌬ fetuses (right fetus) showed profound perturbations in barrier formation. The dorsal barrier was relatively spared, whereas on the flank it was significantly reduced and absent on the ventral side of the body.
The barrier abnormalities in the epidermis of Arnt ⌬/⌬ newborns were associated with profound changes in epidermal morphology. In Arnt ⌬/⌬ skin, the epidermis was significantly thinner because of reduced overall cell number and volume. The granular layer was absent in the ventral epidermis and significantly reduced on the dorsal side of the body. Prominent parakeratosis was also seen. The cornification of keratinocytes (their transition to corny layer) was abrupt. Corneocytes were tightly attached to each other forming a solid compact mass of keratinous material ( Fig. 3B-1 ) in contrast to the 'basketweave' appearance of the normal corny layer ( Fig. 3B-2) . No morphological or functional abnormalities were detected in Arnt ⌬/⌬ HFs during the initial stages of post-natal HF morphogenesis (P1).
In order to determine potential long-term consequences of Arnt ablation to the HFs, we grafted the skin of Arnt-null newborns on immunocompromised SCID mice. Histology revealed a moderate delay in hair growth 30 days after grafting ( Fig. 3C-1 ,2) but no structural abnormalities were seen in Arntdeficient HFs 6) . Immunohistochemistry with antiArnt antibodies in Arnt ⌬/⌬ grafts confirmed the absence of Arnt protein in the epithelial (K14-positive) cell populations (epidermis, HF matrix and epithelial sheaths, sebaceous gland), whereas as expected the mesenchymal (K14-negative) compartment including dermal fibroblasts, perifollicular dermal sheath and FP cells, expressed Arnt at the same level as in control skin . Therefore, grafting of Arnt Ultrastructural abnormalities in the interfollicular epidermis of Arnt ⌬/⌬ mice Low magnification (ϫ100) scanning electron microscopy (SEM) showed that the surface of ventral Arnt ⌬/⌬ epidermis was flat and taut, whereas the epidermis of control newborns was extensively folded forming prominent longitudinal ridges (Fig. 4A,B) . At high magnification SEM, other striking differences were apparent. First, the surface of corneocytes in the control epidermis was perfectly smooth (not shown), whereas Arnt ⌬/⌬ epidermis had a rough, irregular and often perforated surface (Fig. 4C,D) . The surface squames in Arnt ⌬/⌬ epidermis often showed the presence of retained nuclei (Fig. 4C, arrow) , providing further evidence of parakeratosis revealed by light microscopy ( Fig. 3B-1) .
Transmission electron microscopy (TEM) identified fragments of cytoplasmic organelles in the upper corny layer of Arnt ⌬/⌬ skin (Fig. 4E ,F, white arrowheads) suggesting incomplete terminal differentiation of keratinocytes. This observation is consistent with the presence of the nuclei in the surface corneocytes of Arnt ⌬/⌬ epidermis. Compared to the normal corny layer in the skin of Cre-negative control newborns (Fig. 4G) , the corneocytes in Arnt ⌬/⌬ epidermis were much thicker and were tightly packed together (Fig. 4E) . The cornified envelope in the control corneocytes was wellstructured with internal (dark) and outer (translucent) layers (Fig. 4H , small black arrowheads) but the cornified envelope in Arnt ⌬/⌬ corneocytes was blurry and often discontinuous (Fig.  4F , small black arrowheads). Strikingly, whereas corneosomes of the normal epidermis were degraded in the lower part of corny layer (Fig. 4H , black arrows), in Arnt ⌬/⌬ skin, they were intact even in the outermost cells of the corny layer, resulting in abnormally strong cohesion between the corneocytes (Fig.  4F , black arrows) and abrogated desquamation.
Altered expression of cornified envelope proteins in Arnt
⌬/⌬ epidermis In order to substantiate our histological and ultrastructural findings, we assessed expression of several major markers of keratinocyte differentiation in Arnt-null and control skin at the protein level using immunohistochemistry. In control epidermis, filaggrin was localized to all cells of the granular layer and loricrin was seen in the upper suprabasal, granular, and lowermost corny layer (Fig. 5A,C) . In Arnt ⌬/⌬ epidermis, expression of both these proteins was observed only in occasional, flattened cells, positioned just beneath the malformed corny layer (Fig. 5B,D arrows) suggesting the abrupt cornification of Arnt ⌬/⌬ epidermis. By contrast, involucrin expression in Arnt ⌬/⌬ epidermis occupied the entire corny layer, whereas in normal epidermis it was seen only in the thin layer of cells separating the granular and corny layers (Fig. 5E,F) . The same pattern of changes, albeit less prominent, was observed in the tongue epithelium, which is K14-positive and thus also Arnt-deficient in Arnt ⌬/⌬ newborns. Of interest, tongue papillae in Arnt ⌬/⌬ pups were abnormal in shape and lacked anterior-posterior polarity (Fig. 5G,H ) thus reflecting deregulation of keratinization as seen also in the corny layer of the epidermis.
Real-time PCR analysis revealed slight (not significant) increase in the level of involucrin (Ivl) and significant decline of loricrin (Lor) and filaggrin (Flg) mRNA in Arnt ⌬/⌬ epidermis (Fig. 6A) .
Gene expression profiling reveals deregulation of corneosome degradation machinery, lipid metabolism and cornification in Arnt ⌬/⌬ epidermis To probe more deeply into the molecular basis of the epidermal phenotypes in Arnt-null mice and identify possible targets of Arnt, we compared gene expression profiles in the epidermis of Arnt :K14Cre -) newborn mouse females using GeneChip ® Mouse Genome 430A 2.0 Arrays. The differentially expressed genes were defined as having P values below 0.00015 and the log 2 expression ratios outside the -1 to 1 interval. The distribution of the expression ratios for 159 differentially expressed genes was asymmetrical and shifted towards the upregulation in the Arnt ⌬/⌬ epidermis with the ratio of upregulated to downregulated genes as 2.3.
Analysis of gene expression profiles showed that a substantial number of differentially expressed genes related to skin homeostasis fell into several well-defined functional groups, including cornified envelope components -ten genes; ceramide metabolism -two genes; epithelial host defensetwo genes; corneosome stability -four genes. A list of genes derived from the gene expression analysis and relevant to epidermal differentiation and function is provided in Table 1 . The complete list of differentially expressed genes is provided in Table S1 in supplementary material.
The most significantly upregulated genes reside within EDC on mouse chromosome 3, and are essential in formation of the cornified envelope at advanced stages of terminal differentiation. Among these genes were the members of the Sprr gene family: Sprr1a (+6.7), Sprr2f (+67.6), Sprr2h (+3.6), Sprr2i (+46.2), Sprr2j (+54.9), Sprrl1 (small proline rich-like 1, +38.3) and members of the S100 gene family: S100a8 (+46.2), S100a9 (+41.4), and S100a10 (+2).
Elevated levels of keratin 6 (+13.9) and keratin 16 (+3.7), which are markers of an alternative pathway of keratinocyte differentiation (Olsen et al., 1995) , further confirms an abnormal terminal differentiation in the epidermis of Arnt ⌬/⌬ newborns.
In Arnt-null epidermis, we found significant upregulation of a number of serine protease inhibitors including Slpi (+13.0 fold), Serpine1 (+22.6 fold), and Serpinb6c (+3.5 fold), which play a role in deactivation of stratum corneum serine proteases (Franzke et al., 1996) .
Our results also showed downregulation in Arnt-null epidermis of Asah3 (-2.03) and Ugt8a (-2.22) gene expression, which code for N-acylsphingosine amidohydrolase (alkaline ceramidase) and ceramide glucosyltransferase, respectively, both are known to play an important role in ceramide metabolism (Madison et al., 1998; Mao et al., 2003) .
Journal of Cell Science 119 (23) Microarray data for certain differentially expressed epidermal genes were validated using real-time PCR assay (Fig. 6A,B) .
Ceramide composition in the interfollicular epidermis of Arnt ⌬/⌬ mice On the basis of previous data (Takagi et al., 2003) , and the downregulation of Asah3 and Ugt8a genes revealed by our microarray studies, we assumed that deregulation of lipid turnover may be one of the mechanisms causing epidermal barrier failure in our Arnt ⌬/⌬ mouse model. 
Discussion
Taken together, the dynamic changes in Arnt expression in the skin during the early stages of normal mouse postnatal development, the striking epidermal phenotype and demise of Arnt ⌬/⌬ newborns, suggest that Arnt plays an essential role in control of physiological adaptation during the transition from an 'in utero' environment to a terrestrial life. The most critical elements in this process are establishing the functional epidermal barrier and acquiring the ability to feed. Both of these processes are impaired in Arnt-null mice. The inability of Arnt ⌬/⌬ newborns to feed could be attributed to morphological changes in the tongue and oral cavity epithelia. The impairment of the epidermal barrier in Arnt ⌬/⌬ newborn mice was associated with defects in critical components of epidermal homeostasis including corneosome degradation (desquamation), lipid composition and cornified envelope formation.
Corneosome retention and impeded desquamation in Arnt-null epidermis
One of the most remarkable features of Arnt-null phenotype in mice is the abnormally dense structure of the corny layer where corneocytes are tightly packed, forming a rigid keratinous structure which is strikingly different from the 'basket-weave' appearance of the corny layer in normal mouse skin ( Fig. 3B1-2) . The inhibition of desquamation in Arnt ⌬/⌬ epidermis is attributed to the abnormal retention of corneosomes (Fig. 4F) . Since the microscopic structure of corneosomes was apparently normal, and we observed no changes in the expression of corneosome-specific proteins, we hypothesized that the mechanisms leading to the retention of corneosomes could be lack of an enzymatic activity.
Corneosomes are a specialized type of desmosomes consisting of macromolecular glycoprotein complexes incorporated into the cornified envelope. Their major functional components are transmembrane glycoproteins of the cadherin family, Dsg1 and Dsc1 (Serre et al., 1991; Rawlings and Matts, 2005) , and a specific corneosomal protein corneodesmosin (Rawlings et al., 1994; Simon et al., 1997) . In normal epidermis, corneosomes provide a connection between corneocytes in the lowermost stratum corneum, and their gradual degradation upon ascension towards the surface of the corny layer eventually leads to desquamation (Rawlings et al., 1994) . The degradation of corneosomes is driven by tightly regulated action of specific hydrolytic enzymes that break down corneosomal linkages. Among these enzymes are the stratum corneum chymotryptic and tryptic enzymes (SCCE and SCTE), stratum corneum thiol protease (SCTP or cathepsin L-2), cathepsin E, and cathepsin D (reviewed by Rawlings and Matts, 2005) . Endoglucosidases including heparanase 1 (Bernard et al., 2001 ) and other enzymes are also known to play a role in corneosome degradation. Corneodesmosin, one of the major corneosomal components secreted by lamellar bodies during desmosome-to-corneosome transformation (Rawlings et al., 1994) , also undergoes desquamation-associated proteolytic degradation, which appears to be inhibited by calcium (Rawlings and Matts, 2005) .
In Arnt-null epidermis, we did not observe any changes in expression of these enzymes. However, we found significant upregulation of Slpi (Table 1, Fig. 6A ), a secretory leukocyte protease inhibitor, which is believed to be the major physiological inhibitor of SCCE (Franzke et al., 1996) . In Arnt ⌬/⌬ epidermis we also found a prominent increase in two other serine protease inhibitors, Serpine1 and Serpinb6c (22.6-and 3.5-fold, respectively). Although serpins possess high antiserine protease activity, they were not thought to be physiologically relevant to corneosome degradation because of their low concentration in the normal corny layer (Franzke et al., 1996; Rawlings and Matts, 2005) . However, the marked upregulation of these genes in Arnt ⌬/⌬ epidermis suggests their
Journal of Cell Science 119 (23) potential role in inhibition of serine proteases and corneosome retention in our model. The retention of corneosomes and subsequent abnormal desquamation is a characteristic feature of a number of skin cornification disorders (Elias et al., 2004) . These diseases are also characterized by incomplete keratinocyte differentiation and impaired permeability barrier, suggesting the potential involvement of an Arnt-dependent pathway(s) in the pathogenesis of some cornification/barrier disorders in humans.
Ceramide composition in the epidermis of Arnt ⌬/⌬ newborn mice Permeability barrier formation in mammalian epidermis requires the dimensional organization of different non-polar lipids including ceramides (Cer), free fatty acids and cholesterol into the extracellular lamellar membrane within the stratum corneum interstices (reviewed by Landmann, 1988; Elias and Menon, 1991) . Although successive stages of epidermal lipid metabolism are currently well understood and their significance for corny layer mechanical integrity and barrier function is well established (Holleran et al., 1994; MaoQiang et al., 1996; Schmuth et al., 2000) , little is known about the molecular mechanisms that govern lipid processing during formation of the epidermal barrier.
HPTLC analysis of the lipids isolated from Arnt-null newborn mouse epidermis showed a significant shift in ceramide composition. It is generally accepted that ceramides are essential for maintaining stratum corneum lamellar structures (Bouwstra et al., 1998) and barrier function (Behne et al., 2000) . Thus, a marked increase in Cer[NS], one of two major ceramide species, and associated alteration of the total ceramide profile may be related to the barrier impairment in Arnt ⌬/⌬ epidermis. The downregulation of alkaline ceramidase Asah3 (N-acylsphingosine amidohydrolase 3 or Cer1) and Ugt8a (UDP galactosyltransferase 8A or ceramide glucosyltransferase) on our microarray experiments is consistent with this proposition. Asah3 is a lysosomal enzyme that degrades ceramide into sphingosine, thus playing a role in regulating the levels of bioactive ceramides and sphingosine-1-phosphate (S1P), as well as complex sphingolipids (Mao et al., 2003) whereas Ugt8a plays a role in conversion of ceramides to glucosylceramides in the Golgi apparatus (Madison et al., 1998) .
Our finding of significant upregulation of the major Cer[NS] fraction in Arnt (Takagi et al., 2003) . Whereas Takagi et al. reported decreased transcript levels of Des-2 in cultured primary Arntnull mouse keratinocytes, expression of the Des-2 gene was not altered in our microarray analysis, which was performed with mRNA samples isolated from the epidermis of neonatal Arntnull and control mice. Thus, our Arnt mouse model showed a somewhat different pattern of ceramide changes -upregulation of [NS] and [NH] fractions coupled with downregulation of the Asah3 and Ugt8a genes, as well as a prominent shift in EDC gene expression and corneosome retention. The phenotypic differences between our and Takagi's (Takagi et al., 2003) model may be due to the use of different promoters to drive expression of Cre recombinase, i.e. K5 versus K14, which are expressed at slightly different stages of epidermal development. Alternatively, these differences may be attributable, at least in part, to the different genetic background of Cre transgenic animals utilized in both studies.
Alterations in epidermal ceramide composition are associated with several skin disorders, including atopic dermatitis and psoriasis (Hara et al., 2000; Motta et al., 1994) . These observations, together with the key role of ceramides in regulation of epithelial cell growth, apoptosis, differentiation and in microvascular cell homeostasis (Geilen et al., 1997) , justify the need for further studies on the role of Arnt in epidermal ceramide turnover.
Expression of cornified envelope proteins is deregulated in Arnt
⌬/⌬ skin The presence of cytoplasmic organelles and nuclei in the upper corny layer of Arnt ⌬/⌬ epidermis (parakeratosis) is a cardinal sign of abnormal differentiation that prompted us to compare the expression of basic differentiation markers in Arnt ⌬/⌬ and control newborn mouse skin. Immunohistochemistry showed that the morphological abnormalities in Arnt ⌬/⌬ epidermis are concomitant with changes in expression of involucrin, filaggrin and loricrin. The same abnormalities were observed in the upper tongue epithelium in Arnt ⌬/⌬ newborns (Fig. 5) . These changes in expression of differentiation markers in the tongue epithelium are reflected in the abnormal structure of tongue papillae which, at least in part, may explain the inability of Arnt ⌬/⌬ newborns to feed normally. To assess changes in expression of epidermal genes resulting from Arnt ablation, we performed microarray hybridization on samples isolated from the epidermis of Arntnull, heterozygote with 50% of normal Arnt activity, and control mouse newborns. Unexpectedly, in Arnt ⌬/⌬ epidermis we found significant upregulation of many genes associated with advanced stages of keratinocyte terminal differentiation and formation of a functional barrier (Mischke et al., 1996; Olsen et al., 1995) . This finding contradicts the accepted dogma that Arnt functions exclusively as a transcriptional activator. Among genes upregulated in Arnt-null epidermis were members of Sprr gene family, including Sprr2h, Sprr1a, Sprr2i, Sprr2j, Sprr2f and Sprrl1. The deletion of Arnt in mouse newborn epidermis also results in significant induction of S100 calcium binding protein mRNAs -S100a8, S100a9 and S100a10. These genes, together with involucrin, loricrin and filaggrin, which are deregulated in Arnt ⌬/⌬ epidermis at the protein level (Fig. 5) , are clustered in the same region of mouse chromosome 3, a region syntenic with a portion of human chromosome 1q21 known as the epidermal differentiation complex (EDC) (Mischke et al., 1996) . Significant upregulation of numerous genes clustered together and activated at the same stage of epidermal differentiation is particularly intriguing, since the Arnt gene is located just telomeric to the EDC on mouse chromosome 3, and within the EDC in the syntenic region of human chromosome 1.
The wide-ranging and extensive (up to 60-fold) upregulation of a number of EDC genes in Arnt ⌬/⌬ epidermis could be attributed to the following: (1) a compensatory response to the loss of Arnt; (2) transactivation by Arnt of a putative EDC master repressor; and (3) a recently proposed suppressive role of Arnt in epigenetic control of expression through recruitment of histone deacetylases (Maltepe et al., 2005) . The positive (2.3) ratio of upregulated to downregulated genes in Arnt ⌬/⌬ epidermis suggests a substantial release of expression in the absence of Arnt and thus favors the third option, whereas two others (compensation and control of a putative EDC repressor) cannot, as yet, be ruled out.
A role of Arnt in regulation of EDC genes, protease inhibitors and lipid-related enzymes may be a key to understanding the still elusive mechanism of coordinated expression of epidermal genes during late stages of terminal differentiation (Martin et al., 2004) and to further insight into pathogenesis of certain skin disorders.
Materials and Methods

Skin sample collection and immunostaining
Samples of normal human scalp skin were obtained as discarded tissue from hair transplantation procedures, fixed in 4% paraformaldehyde and embedded in paraffin. C57BL/6J mouse pups (Jackson Laboratory, Bar Harbor, ME) were killed by CO 2 asphyxiation at defined stages of HF/skin postnatal development (day 1 postpartum (P1) -early stages of HF morphogenesis; P5 -advanced HF growth; P23 -telogen). Skin of double transgenic (Arnt ⌬/⌬ :K14Cre + ) Arnt-deficient mice and appropriate control samples from Cre -littermates (Arnt flox/flox :K14Cre -) were harvested immediately after birth. Skin samples were embedded in Tissue-Tek medium (Miles, Elkhart, IN) and frozen at -80°C or fixed in paraformaldehyde overnight and embedded in paraffin. Deparaffinized 5-m-thick paraffin sections and acetone-fixed 8-m-thick frozen sections were processed for immunohistochemistry using the standard ABC (Avidin-Biotin Complex) procedure. Sections of human and mouse skin were treated with mehtanol/H 2 O 2 in order to block endogenous peroxidase. For antigen retrieval, paraffin sections were boiled in a microwave for 10 minutes in antigen unmasking solution (Vector Laboratories, Burlingame, CA). Incubation with primary antibodies (Table S2 in supplementary material) was performed overnight after blocking with appropriate serum. After incubation with secondary antibodies (1:200), the signal was detected using the ABC kit (Vector Laboratories) along with Hematoxylin counterstaining. Processing of corresponding mouse skin sections with no primary or secondary antibodies was used as negative control. Photo-documentation was performed using Zeiss Axioscope microscope equipped with an appropriate set of filters and an Axiovision image analysis system (Zeiss, Thornwood, NJ). All animal experiments were approved by the Institutional Animal Care and Use Committee Review Board at the Columbia University Presbyterian Medical Center.
Generation of skin-targeted Arnt knockout mouse model using Cre-loxP methodology Arnt-floxed mice were obtained from F. J. Gonzalez, NCI, Bethesda, DC. In these mice, two loxP sites were introduced into introns 5 and 6, thus flanking exon 6 (Fig.  2B ) that encodes the bHLH region ( Fig. 2A) of the Arnt gene (accession no. NM_009709). Transmission of the Arnt-floxed allele was monitored with a set of three specific primers (Fig. 2C ) designed from the intron sequences flanking loxP sites (Tomita et al., 2000) . The Cre recombinase-expressing construct was introduced into the Arnt-floxed mice by crossbreeding with K14Cre animals obtained from Elaine Fuchs, Rockefeller University, New York, NY (Vasioukhin et al., 1999) . Double heterozygous (Arnt 
Epidermal permeability assay
Qualitative patterns of the permeability barrier formation at the late stages of embryogenesis were assessed based on the barrier-dependent penetration of X-gal into embryonic mouse skin (Hardman et al., 1998) . Freshly isolated embryos (E18.5) were immersed in X-gal reaction mix and incubated at room temperature overnight. After the staining, embryos were washed and photographed using a stereomicroscope with a Nikon digital camera.
Grafting of Arnt-deficient neonatal mouse skin on SCID mice
The dorsal skin harvested from newborn Arnt ⌬/⌬ and Cre-negative control pups was grafted on the back (interscapular region) of 7-to 8-week old C.B.-17/LCR Crl-SCID mice (Charles River, Cambridge, MA). Briefly, back skin of anesthetized SCID animals was shaved, repeatedly washed with 70% ethanol and sterile PBS and a 10ϫ10 mm full-thickness skin incision was made. The freshly collected newborn skin specimens were trimmed to the size and placed on the wound. The border between the graft and the host skin was fixed with Nexaband fluid (Veterinary Product Laboratories, Phoenix, AZ) and four surgical sutures were placed at the corners of the graft. Sterile Vaseline gauze was applied on the graft surface in order to prevent drying. For the first 3 days after the surgery, animals received intramuscular injection of analgesic buprenorphin (1-2 mg/kg of body weight, twice a day), and doxycycline was added into the drinking water. Three weeks after grafting the recipient animals were killed. Skin samples from the graft areas were processed for histology and immunohistochemistry as described above. The fraction of rejected grafts was below 10%.
Cell culture
Primary mouse keratinocytes were isolated from mouse skin and cultured as described earlier (Hennings, 1994; Wu and Morris, 2005) . Briefly, the epidermis of previously genotyped newborn mice was split from the dermis by overnight incubation in 0.25% trypsin-EDTA at 4°C. The epidermis was minced and incubated for 1 hour at room temperature in SMEM containing 100 g/ml gentamicin (Invitrogen, Carlsbad, CA) with moderate stirring. After filtration, the cells were spun down at 200 g for 5 minutes and re-suspended in low Ca 2+ (0.05 mM) keratinocyte SFM (Invitrogen) supplemented with 10% Chelex-treated FBS, EGF, BPE and 100 g/ml gentamicin. Cell were seeded on 60-mm collagen-coated dishes (5ϫ10 5 cells/cm 2 ) and cultured in a humidified incubator at 32°C and 5.0% CO 2 until they covered about 80% of the growth surface.
Western blotting
For western blotting we used protein samples isolated from cultured Arnt ⌬/⌬ keratinocytes and from mouse epidermis and dermis isolated from the whole skin as described above. Skin was harvested from Arnt-null pups immediately after birth and from normal C57Bl/6 mice (Jackson Laboratory, Bar Harbor, ME) at days 1, 3, 5 and 23 postpartum. Proteins were isolated by the treatment of samples with lysis buffer containing 1% NP-40, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 100 g/ml PMSF, 25 g/ml aprotinin, and 62.5 g/ml leupeptin. Lysates were incubated for 1 hour on ice with shaking, spun down at 10,000 g for 20 minutes at 4°C, and boiled with sample buffer (Bio-Rad) for 3 minutes. Proteins were resolved by denaturing electrophoresis on discontinuous polyacrylamide slab gels (SDS-PAGE) and transferred to PVDF membrane (Amersham, Piscataway, NJ) according to the manufacturer's protocol. Membranes were blocked with 5% non-fat milk in TBS-T for 1 hour at room temperature followed by overnight incubation with primary anti-Arnt antibodies (Santa Cruz Biotechnologies, CA) at 4°C, with shaking. After washing in TBS-T, membranes were incubated with the corresponding horseradish-peroxidase (HRP)-conjugated secondary antibodies for 1 hour at room temperature. The signal was visualized with an enhanced chemiluminescence (ECL) system (Amersham). Then, membranes were washed and re-probed with antibodies specific to ␤-actin. The western blot data were quantified by using a FluorChem 8800 digital image system (Alpha Innotech, San Leandro, CA) and normalized to the ␤-actin signals.
Real-time PCR
Real-time PCR analysis was performed using primary mouse keratinocytes and epidermis freshly harvested from newborn female mice. After harvesting, the epidermis was washed with cold PBS, minced and homogenized in TRIzol (Invitrogen, Carlsbad, CA). Total RNA was isolated from cells and epidermal tissue according to the manufacturer's protocol and reverse transcribed for 50 minutes at 50°C using SuperScript TM III First-Strand Synthesis System for RT-PCR (Invitrogen) and oligo(dT) primer. RT-PCR was performed using Applied Biosystems 7300 Fast real-time PCR System with SYBR GREEN PCR Master Mix (Applied Biosystems) and the primers listed in Table S3 in supplementary material. Taking into account high similarity of Sprr genes, the specificity of designed primers was ensured using Beacon Designer Software (Premier Biosoft International, Palo Alto, CA). The ABI sequence detection software (version 1.6.3) and Microsoft TM Excel were used to quantify cDNA content in the samples. The data were normalized to ␤-actin, chosen as an internal control.
Transmission and scanning electron microscopy
Skin samples were harvested from the ventral side of Arnt ⌬/⌬ and control (Cre -) pups immediately after birth, fixed overnight by immersion in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) containing 7% sucrose at 4°C. For scanning electron microscopy (SEM), fixed samples were processed through a critical point dryer, mounted on aluminum stubs, and sputter-coated with goldpalladium alloy. Samples were analyzed using a JEOL 6400 Scanning Electron Microscope. For transmission electron microscopy (TEM), samples were postfixed in 1.3% osmium tetroxide and embedded in Epon 812 (Polysciences, Warington, PA). Ultrathin sections were stained with uranyl acetate and lead citrate and analyzed in a JEOL 100CX transmission electron microscope at an accelerating voltage of 60 kV.
Analysis of ceramide composition of newborn mouse epidermis
Total lipids were extracted from the epidermis of newborn Arnt ⌬/⌬ (four samples) and control (six samples) pups by the method of Bligh and Dyer, as previously described (Farwanah et al., 2002) . Briefly, the epidermis from each newborn pup was lyophilized and weighed. The extraction was performed successively in chloroform:methanol, 2:1, 1:1 and 1:2 with shaking at room temperature for 3 hours. After extraction, samples were centrifuged and lipid-containing eluates were evaporated. Dried samples were stored at -20°C.
For high performance thin-layer chromatography (HPTLC), 20 l of each sample, re-dissolved in 1 ml chloroform/methanol (1:1, v/v), were applied to silica gel 60 HPTLC plates (Merck Darmstadt, Germany), which were pre-run with a solvent system composed of chloroform:methanol (65:35, v/v) . Sample were applied using an Automatic TLC Sampler 4 (Camag, Muttenz, Switzerland) at a dosage speed of 100 l/second. Development of the plates, visualization of the bands, and the densitometry were carried out as previously reported (Farwanah et al., 2002) . Identification of ceramides was performed taking into account the basic differences between mouse and human ceramides (Doering et al., 2002) . Based on the previously established criteria (Wertz and Downing, 1986; Motta et al., 1993; Robson et al., 1994) 
Microarray analysis
To expose downstream targets of Arnt-dependent regulatory pathways in the skin, we compared gene expression profiles in the epidermis of Arnt ⌬/⌬ and control newborn female mice using six replicates for each of three different conditions: Arnt The signal intensities were extracted from the CEL files, adjusted for the background and normalized by quantile normalization using probe level data analysis (RMA) algorithms implemented in R package affy .
The genes differentially expressed between all three groups of newborns were detected using t-statistics followed by F-test implemented in Bioconductor R package multtest (Gentleman et al., 2004) . For visualization, clustering and principal component analysis (PCA) the data were imported into Spotfire decision site for functional genomics (Spotfire, MA).
